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Abstract
The integration of a PCM layer into an external building wall diminished the amplitude of the
instantaneous heat flux through the wall. The types of PCM, its location in the wall and its amount, have
been studied in this paper. A two-dimensional transient heat transfer model has been developed and 
solved numerically using the commercial Computational Fluid Dynamics (CFD) package Fluent. The
numerical results have been verified and validated with an experimental model. The considered model 
consists of usual brick with square holes used as construction materials for residential buildings in
Algeria, some of these square holes are filled with PCM. The results showed that the PCM introduced in
square holes can improves considerably the thermal inertia of brick and a combination of the types of 
PCM, its location in the wall and its amount, is very important for improve reduction of heat gain before
it reaches the indoor space.
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Nomenclature 
Cp  specific heat at constant pressure (kJ/kg °C) 
h  enthalpy of the material (kJ/kg) 
hin  convective heat transfer coefficient in indoor wall of brick (kW/m2°C) 
hout  convective heat transfer coefficient in outdoor wall of brick (kW/m2°C) 
href  reference enthalpy (kJ/kg) 
k  thermal conductivity (kW/m°C) 
Lfus  latent heat of fusion (kJ/kg) 
PCM  phase change material 
S heat generation (kW/m3) 
T temperature (K) 
Tliquidus melting temperature (K) 
Tref reference temperature (K) 
Tsolidus solidification or freezing temperature (K) 
ui fluid velocity (m/s) 
xi cartesian coordinate  
yexp, ysim  experimental or simulated value, respectively 
Greek letters 
β liquid fraction  
ρ density (kg/m3) 
1. Introduction 
Since ancient times, man has tried to improve its comfort within buildings by improving the thermal 
inertia and minimize the equivalent thermal conductivity of the envelope of building. He increased the 
thickness, changed the geometry of the outer wall and tried several building materials to reduce 
temperature fluctuation for indoor environment in both summer and winter. The installation of heating 
and air conditioning to seek wellness in homes, offices and public places has created high energy 
consumption and consequently, increased earth pollution. 
In the worldwide energy crisis, energy saving has become a focusing cared topic by every county over 
the world. In Algeria a high rate of consumption of electrical energy is noticed during recent years [1]. 
The improved standard of living of Algerian family as well as the coming of Ramadan in the warmer 
months of the year has encouraged people to investigate their money to improve their comfort within 
habitats, offices and mosques. Excessive installation of air conditioning systems at different points of the 
country has increased the peak of the national grid, and huge losses were claimed by citizens during the 
year 2012 due to voltage drops and cuts in electricity. 
The previous researches have shown that the use of Phase Change Materials (PCM) in buildings 
increases considerably the thermal inertia of the walls. The PCM, introduced into the building envelopes, 
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absorbs a large quantity of heat during a hot day and fuses gradually in an isothermal way to prevent the 
entrance of heat inside housing environments. During the night, the temperature decreases above the 
melting point of the PCM. Therefore, PCM releases heat into building envelope and becomes solid again. 
Thus, it can start a new cycle of melting/solidification during the following hours. 
Several studies have been conducted to improve the living conditions inside closed areas. Jiapeng Sun 
[2] has studied a concrete hollow brick with four rectangle enclosures to minimize the equivalent thermal 
conductivity (ETC) in the constraint of variable shape and position parameters. The optimization obtains 
21.69% improvement on the ETC. Also, a comprehensive numerical study of the equivalent thermal 
conductivity of a multi-holed clay brick has been conducted by L.P. Li et al [3]. 50 kinds of combination 
of holes and arrangements are examined. The indoor–outdoor temperature difference varies from 50 °C to 
20 °C and the effects of following factors are studied in details: the hole surface radiation, the width-wise 
and length-wise hole numbers, and the indoor–outdoor temperature difference. The optimum 
configuration is found which has five length-wise holes, four width-wise holes and all the holes are from 
bottom to top in the depth direction of a brick. Its equivalent thermal conductivity is 0.419 W/(m K), 
which is only 53.1% of solid clay of which it is made. Ammar Bouchair [4] has proposed a theoretical 
model to study the steady state thermal behavior of fired clay hollow bricks for enhanced external wall 
thermal insulation. The basic brick units used for the investigation are small-size and big-size bricks. 
Computer modeling and calculations performed, for steady state conditions, show that the increase in 
hollow brick cavity height contributes to the improvement of the overall thermal resistance of the order of 
18–20%. The improvement could significantly increase to the range of 88.64% and 93.33%, if the bricks 
used are injected with the insulating material. If the cavity surface emissivities are lowered to 0.3, the 
improvement will be 72.73–78.33%. A model of thermal conduction accompanied with solidification and 
melting processes is developed and numerically analyzed by Chengbin Zhang et al [5] to investigate the 
thermal response of the brick wall filled with phase PCM. The use of PCM in the brick walls is beneficial 
for the thermal insulation, temperature hysteresis and thermal comfort for occupancy. In addition, with the 
increasing filling amount of PCM, the fluctuation of indoor wall surface temperature is significantly 
smoothed. Correspondingly, the hysteresis in response to the outdoor temperature fluctuation is enhanced. 
An experimental research is presented by A.G. Entrop et al [6] on a new use of Phase Change Materials 
(PCMs) in concrete floors, in which thermal energy provided by the sun is stored in a mix of concrete and 
PCMs. The application of PCMs in concrete floors resulted in a reduction of maximum floor temperatures 
up to 16 % and an increase of minimum temperatures up to 7%. The results show the relevance of an 
integral design in which the thermal resistance of the building shell, the sensible heat capacity of the 
building and the latent heat capacity of the PCMs are considered simultaneously. 
The purpose of this study is to improve the thermal inertia of the outer wall of buildings located in hot 
arid areas. Two-dimensional numerical simulations were realized using the commercial software Fluent, 
to study the thermal behaviour of hollow clay bricks used in construction of habitats and institutions in 
Algeria. The improvement of the thermal inertia of the brick is realized by the insertion of a Phase Change 
Material (PCM) in some holes of the brick. An experimental model is made to see the thermal efficiency 
of the improved brick and on the other hand, to validate the numerical results. The Improved brick 
containing the PCM is optimized by choosing the best type, the best position and the optimal amount of 
PCM, to increase reduction of heat gain before it reaches the indoor space. 
2. Model and analysis  
The outer wall is generally built with bricks of size 30x20x15cm. This brick has 12 cavities of 
4x3.667cm each one (see Fig. 1). The improvement of the thermal inertia of the brick is realized by 
insertion of PCM in the holes of the brick. The symmetry of the geometry and boundary conditions in the 
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longitudinal direction of the wall (Z direction), makes the problem two dimensional. The outdoor surface 
of the wall is simultaneously subjected to a time dependent solar radiation and forced convection 
boundary (hout = 20 w/m² °C). The total rate of the heat transfer between the air and the outside wall of the 
brick is determined by adding the convection and solar radiation components [7]. The indoor wall is 
subjected to a time independent free convection boundary condition (hin = 10 w/m² °C) of which the 
temperature of the air contacts with the inner face of brick must satisfy the conditions of comfort. We 
consider that the heat transferred by natural convection in hollow brick is very low than the heat 
transferred by conduction. The effect of the convection is very weak and it can be neglected [8]. It is 
necessary to note that based on the adaptive thermal comfort principle, the occupants of the buildings in 
dry and hot climatic conditions feel comfortable even at higher temperature up to 30°C [9-10]. In this 
study we imposed an internal temperature equal to 27°C.  
 
 
Fig. 1. (a) external wall of buildings and simulated brick element; (b) usual clay hollow bricks with 
twelve recesses set into three columns and four rows. 
2.1. Numerical method analysis 
The numerical simulation analysis is carried out by a commercial code Fluent. The Second Order 
Upwind differencing scheme was used for solving the energy equations. The User Defined Function UDF 
is used to introduce the boundary condition of the outer wall of the brick which is a time dependent solar 
radiation and forced convection boundary. The thermophysical properties of the PCMs and brick used in 
this article are shown in Table 1. The model of enthalpy-porosity used to solve the problems of 
solidification and melting in Fluent has been validated by an experimental model described below. 
Moreover, other validations have previously been carried out by several authors [11-13]. The 
mathematical equation that governs the physical phenomenon of melting/solidification in the PCM is 
modeled as given below: 
 
డሺఘ௛ሻ
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డሺఘ௨೔௛ሻ
డ௫೔
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డ்
డ௫೔
ቁ ൅ ܵ  (1) 
Where h is the enthalpy, T is the temperature, ߩ is the density, ݑ௜ is the fluid velocity component, ݔ௜is 
a Cartesian coordinate, and S is the source term. 
The enthalpy of the material is computed as the sum of the sensible enthalpy and the latent heat:  
݄ ൌ ݄௥௘௙ ൅ ׬ ܥ௣݀ܶ ൅ ߚܮ௙௨௦்்ೝ೐೑   (2) 
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Where ݄௥௘௙is the reference enthalpy at the reference temperature Tref  and Cp is the specific heat,ܮ௙௨௦ 
is the latent-heat of fusion. 
The liquid fraction, β, can be defined as: 
ߚ ൌ Ͳif      ܶ ൏ ௦ܶ௢௟௜ௗ௨௦ 
ߚ ൌ ͳif      ܶ ൐ ௟ܶ௜௤௨௜ௗ௨௦ 
ߚ ൌ ்ି்ೞ೚೗೔೏ೠೞ்೗೔೜ೠ೔೏ೠೞି்ೞ೚೗೔೏ೠೞ if     ௦ܶ௢௟௜ௗ௨௦< ܶ ൏ ௟ܶ௜௤௨௜ௗ௨௦   (3) 
The following assumptions are made for the CFD (Computational fluid dynamics) analysis: 
x No heat generation occurs (S = 0). 
x The density and thermal conductivity of the PCM are considered to be constant for solid and liquid 
phase. Average value is assumed during phase change [13]. 
x The natural convection of air and liquid PCM in hollow brick are not accounted in the computations. 
However, all particles have permanent zero velocityሺݑ௜ ൌ Ͳሻ. 
Then equation (1) can be simplified as follows 
൤ߩܥ௣ ൅ ఘ௅೑ೠೞ்೗೔೜ೠ೔೏ೠೞି்ೞ೚೗೔೏ೠೞ൨
డ்
డ௧ ൌ
డ
డ௫೔
ቀ݇ డ்డ௫೔ቁ  (4) 
Table 1: Thermophysical properties of PCMs and brick  
Compound References 
Melting 
temp, 
Tm (°C) 
Heat of 
fusion, 
ܮ௙௨௦ (kJ kg-1) 
Specific heat 
capacity, 
Cp (kJ kg-1 K-1) 
Thermal 
conductivity, 
k (Wm-1 K-1 ) 
Density, 
ߩ(kg m-3 ) 
    solid liquid solid liquid solid liquid 
Brick Measured - - 0.84 0.7 1600 
Paraffine 52-54 [14] 52-54 188 2.19 2.95 0.232 0.15 900 814 
P116-Wax [15] 47 225.0 2.4 1.9 0.24 0.24 830  773 
n-Eicosane [15] 37 241.0 2.01 2.04 0.15 0.15 778  856 
Paraffin wax [16] 32 251 1.92 3.26 0.514 0.224 830 
CaCl2.6H2O [16] 29.9 187 2.2 1.4 1.09 0.53 1710  1530 
 
3. Experimental setup:  
The experimental model is a closed flow air circuit (see Fig. 2). The flow of air is produced by a fan 
(1), cooled to low temperature by an air conditioning system (2) and passes through the chamber (3). A 
heat gain through a hollow brick (4) generated by a controlled power projector (5), increases the 
temperature of the air before it passes through the air conditioning system where it starts the circuit again. 
The experimental device is completely isolated by the glass wool. The closed circuit of air and the 
insulation makes the variation of temperature inside the experimental device, independent of the ambient 
temperature of laboratory. The only factor that affects the internal temperature of the air is the heat flux 
imposed on the outer surface of the brick. Six type k thermocouples were installed: three on the inner 
surface and three on the outer surface of the brick, to calculate the average temperature for each surface. 
To eliminate heat transfer by convection between the brick and the external environment, a transparent 
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glass is placed over the outer surface of the brick of about 5mm and sealingly imprisons a quantity of air 
in a static state (see Fig.3.a).  
Except for the two: outer and inner faces of the brick, all others surfaces were thermally insulated with 
polystyrene and glass wool (Fig. 3.b). Both types of bricks: conventional and improved were tested from 
the same conditions. Paraffin 52-54 (see Table 1) is inserted in its solid form, embedded in transparent 
plastic film in the cavities of brick, up alongside the outer surface (see Fig. 3.c, d and e). For measured the 
air temperature in the chamber, another thermocouple is installed inside. The projector is turned on when 
the temperature of the air inside the experimental device is constant over time. The temperature 
measurements were taken via data acquisition device connected with a computer every 10 minutes. 
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(c) 
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(e) 
Fig. 3. Preparation of hollow brick containing the PCM. (a) Transparent glass; (b) insulated with polystyrene and glass 
wool; (c) paraffin 52-54; (d) insertion of PCM in hollow brick; (e) transparent plastic film 
The variation of the average inner surface temperature of the brick as function of time is shown in 
Fig.4. The graphics plotted show the degree of agreement between experimental results and simulations. 
To quantify the difference between experimental data and simulated results, the Relative Maximum Error 
[17] and an average error were used as indicated in Equations. (5) and (6): 
ሺΨሻ ൌ ଵǡଶǡǥே ቊቤ
ݕ௘௫௣ െ ݕ௦௜௠
ݕ௘௫௣ ቤ ൈ ͳͲͲቋሺͷሻ 
ܣݒ݁ݎܽ݃݁݁ݎݎ݋ݎሺΨሻ ൌ ෍ ቊቤݕ௘௫௣ െ ݕ௦௜௠ݕ௘௫௣ ቤ ൈ ͳͲͲቋଵǡଶǡǥே
ൗ ሺ͸ሻ 
  
 
 
 
(1) Fan 
(2) Air conditioning system 
(3) Insulated chamber 
(4) Outer surface of hollow brick 
(5) Controlled power projector 
 
Fig. 2. experimental setup 
Paraffin 52-54 Transparent glass Polystyrene insulation and glass wool 
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Two comparisons cases between the numerical and experimental model are shown in this figure. The 
first is a comparison between experimental and numerical results of a brick without PCM. The Average 
Error of numerical model is 3.01%, although the relative maximum error is 11.08%. An increase of 
Average Error and relative maximum error is noted for the second case of a brick with PCM. They are 
equal to 7.96% and 16.16% respectively.  
A comparison between the experimental results of a brick with and without PCM showed a 
temperature difference of 3.78 °C (see Fig. 4). This value may be extended by the right choice of the type 
of PCM and optimization of its location in the brick. This part of study is conducted by simulation and 
presented in the remainder of this paper. 
4. Results of numerical model: 
4.1. Type and location of PCM in the brick  
The optimization of the type of PCM, suitable for the climatic conditions of Ouargla region is strongly 
related to the location of the PCM in brick. Five types of PCM which the melting temperature varies 
between 52 °C and 29.9 °C (see table 1) were tested in three positions: near the outer, middle and near the 
inner wall of brick. These five types of PCM are chosen to cover the range of variation of temperature 
through the brick of 72.71 °C (maximum temperature of the outer surface of the brick in 24 hours) at 
27°C (imposed comfort temperature). The Fig. 5 a, b and c represents the variation of the heat flux, 
exchanged with the internal environment in 24 hours for the three positions of the PCM. The results 
showed that the best PCM for the three positions is CaCl2.6H2O. Fig. 6 show that the middle position 
gives the best results. The reduction in total heat flux for 24 hours is up to 82.1% compared to a brick 
without PCM. 
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Fig. 4. Comparison the numerical predictions with experimental results of the average inner face temperature on the of brick with 
and without PCM 
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(a) PCM placed in the middle (b) PCM placed near the inner wall 
 
Fig. 6. Hourly variation of thermal flux at the indoor surface 
for brick with CaCl2.6H2O placed in different positions 
(c) PCM placed near the outer wall 
Fig. 5. Hourly variation of thermal flux at the indoor surface for 
brick with different PCM. (a) PCM placed in the middle, (b) PCM 
placed near the inner wall , (c) PCM placed near the outer wall 
 
 
4.2. Effect of the amount of PCM: 
To test the effect of the amount of PCM on the thermal inertia of brick, a second row of holes has been 
filled by the CaCl2.6H2O. The initial amount of PCM is doubled. There are two possible positions of PCM 
in brick: in middle and in holes row, near to the outer wall or in middle and in holes row, near to the inner 
wall. These two possibilities are compared with a brick filled in his center holes row by the CaCl2.6H2O. 
We note that the reduction of total heat flux in 24 hours reflected by the relation (7), is to 90.02% for a 
double quantities of PCM located at center and near the outer wall of brick. Besides, it attained 69.93% if 
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the middle and the holes near of inner wall have been filled with PCM (see Fig. 7). Therefore, if the 
double quantities of PCM are employed, the efficiency of brick is improved by 7.92% only. 
 
ܶ݋ݐ݈ܽܪ݁ܽݐܨݑݔܴ݁݀ݑܿݐ݅݋݊ሺΨሻ ൌ ቀ்௢௧௔௟ு௘௔௧ி௨௫ௐ௜௧௛௢௨௧௉஼ெି்௢௧௔௟ு௘௔௧ி௨௫ௐ௜௧௛௉஼ெ்௢௧௔௟ு௘௔௧ி௨௫ௐ௜௧௛௢௨௧௉஼ெ ቁ ൈ ͳͲͲ (7) 
 
Fig. 8 shows the variation of the average temperature of the inner surface of brick with and without 
PCM. The CaCl2.6H2O is introduced in middle row of brick. The results show that the average 
temperature of the inner surface is almost constant for 24 hours for brick with PCM; it varies from 27 to 
27.3 °C. On the other hand, it varies from 27 to 30.97 °C for a brick without PCM. Therefore, the 
improved brick can reduce up to 3.8 °C the temperature of the inner surface in relation to usual brick. 
On the same figure, we find the variation of the liquid fraction of PCM in 24 hours. The results show 
that the PCM remains solid until the 12th hour, where he began to transform into liquid state. It reaches a 
maximum fusion rate of 28% in the last hour. The PCM selected (i.e. CaCl2.6H2O) is transformed into 
continuous liquid state, even in the coolest hours overnight. And colder nights will be needed for the PCM 
turns into solid state. Consequently, study time of one day is not enough to choose the best PCM. 
  
Fig. 7. reductions in the total heat flux entering through 
the brick with different positions and quantities of PCM 
Fig. 8. Variation of liquid fraction and average temperature of inner 
surface of brick with and without PCM 
5. Conclusion  
The reduction of solar heat gain helps to enable a stable room climate by reducing typical temperature 
fluctuations and as a result reducing energy consumption need for air conditioning, and therefore positive 
impacts include peak load shifting, energy conservation and reduction in peak demand for network line 
companies are expected especially in the hot and dry county such as southern Algerian regions. For these, 
a study of the thermal behavior and optimization by experimental and numerical simulation of a brick 
containing phase change material (PCM) is performed. The considered model consists of usual brick with 
square holes used as construction materials for residential buildings in Algeria. Some of these square 
holes are filled with PCM. Actual weather conditions of temperature and solar radiation of Ouargla region 
are used as boundary conditions. The numerical results have been verified and validated with 
experimental model. Several parameters affecting the efficiency of thermal inertia of this brick as; the 
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types of PCM, its location in brick and its amount, have been studied. The results show that the improved 
brick reduces the temperature of the inner wall of 3.8 °C and reduces 82.1% the heat flux entering to the 
internal environment. Besides, the liquid fraction of CaCl2.6H2O which reached 28% in a day is very low. 
It is recommended to change the geometry of the brick so that we can minimize the amount of PCM 
introduced into the holes for improved thermal inertia of the brick in maximum. It is also recommended to 
extend the study time to see the cycle of melting-solidification of the PCM in brick. 
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